A microwave-assisted extraction method for the determination of 15 alkyl, aryl, and halogenated phenols in sewage sludge and biosolids samples was developed and optimized. The effects of solvent, temperature, time, moisture content, acid, and number of extractions on the recovery of phenols were evaluated. Results indicated that extraction solvent had the greatest impact on the recovery of all phenols while pH had the largest effect on recovery of hexachlorophene and pentachlorophenol. Wet sludge samples were extracted with acetone-hexane mixture in the presence of glacial acetic acid. The extract was evaporated, acetylated by acetic anhydride and cleaned up by silica gel. For dry sludge samples, an optional procedure for the simultaneous extraction and acetylation of phenols was also proposed. Triclosan (TCS) and the alkyl and aryl phenols in sludge extracts were analyzed by gas chromatography-mass spectrometry (GC-MS) in electron-impact mode while polyhalogenated phenols were analyzed by GC-MS in negative ion chemical ionization mode. Method detection limits were ca. 200 ng/g for nonylphenol, <25 ng/g for TCS and other alkyl and aryl phenols, and <5 ng/g for other halogenated phenols. This method has been applied to the determination of phenolic compounds in over 150 sludge and biosolids samples since 2009.
INTRODUCTION
Numerous phenols are listed as priority substances or subject to risk assessment by various environmental agencies around the world due to their toxicity, persistence, and bioaccumulative potential. In the late 1970s, phenol and ten other chloro-, methyl-, and nitro-phenols were listed as priority pollutants in the US Environmental Protection 
; HC & EC ).
Since most of the phenols noted above are lipophilic with log K ow > 4, they have a greater tendency to accumulate in biosolids than remain in the liquid phase during the wastewater treatment processes. In order to study the fate and mass balance of those contaminants in municipal wastewater treatment plants (WWTPs), it is necessary to determine their levels in both wastewater and biosolids.
Occurrence data for toxic and persistent organics in biosolids are also needed to assess their risk of leaching into the environment when the biosolids are applied to agricultural land. However, there are fewer data on organic contaminants in sludge and biosolids than in wastewater to date due to fewer available analytical methods. Additionally, these methods were often laborious and required a great deal of effort and cost to generate results (US EPA ). As a first step, a sludge sample is exhaustively extracted by techniques such as pressurized liquid extraction, microwave-assisted extraction (MAE), or others, with organic solvents. As the extract is very rich in coextractives, further clean-up is required prior to instrumental analysis. In many cases, the extract is diluted in distilled water and then Since the early 1990s, we have developed methods for the determination of phenols in sludge and sediment samples by supercritical fluid extraction (SFE) using carbon dioxide. In those methods, we have incorporated a unique in situ acetylation procedure such that the phenols were acetylated during the extraction process. This onestep extraction-derivatization technique has been successfully applied to the determination of chlorophenols (e.g. 
PCP (Lee

METHODS
Chemicals and reagents
Standards of NP (technical grade, a mixture of isomers on the alkyl side chain), OP [4-(1,1,3,3-tetramethylbutyl) The phenol extract in the top organic layer was dried by passing it through a 5 cm anhydrous sodium sulfate column prepared in a Pasteur pipet, with hexane rinses. After the extract was evaporated to ca. 100 μL, 300 μL of acetic anhydride and 30 μL of triethylamine were added. The phenols were acetylated by heating the mixture at 60 W C for 60 min after reaction; the reaction mixture was partitioned with 3 mL 1% K 2 CO 3 and 3 mL hexane to remove the excess anhydride. The upper organic layer containing the acetate derivatives of phenols was dried by passing through an anhydrous sodium sulfate column prepared with a Pasteur pipet. The aqueous layer in the test tube was extracted twice again with 3 mL aliquots of hexane. Again, the volume of combined extract was reduced to about 1 mL for silica gel column clean-up.
Clean-up of extracts
The acetylated sludge extract prepared by MAE above was cleaned up on a 5 cm (ca. 0.7 g) 5% deactivated silica gel column packed in a disposable Pasteur pipet. After the column was washed with 3 mL of hexane, the extract was applied to the column. The latter was then washed with 5 mL of 5/95 DCM/hexane (v/v) and this fraction was discarded. The acetate derivatives of phenols were eluted with 10 mL of DCM. The latter was evaporated in a 40 W C bath by nitrogen and replaced by iso-octane, with a final volume of 1 mL for gas chromatography-mass spectrometry (GC-MS) analysis. Further dilution of a sample extract before analysis may be needed for such parameters as NP and TCS.
GC-MS analysis
The analyses of all non-halogenated phenols and TCS, dis- Table 1 .
RESULTS AND DISCUSSION
Optimization and validation of the MAE procedure Table 1 for peak identification.
Effects of extraction temperature and time on recovery
The above reference dewatered biosolid sample was extracted with the 1:1 acetone/hexane mixture at 60, 80, and 100 W C in replicates (n ¼ 3 at each temperature). In each case, the sludge extract was derivatized and analyzed for OP, NP, TCS, and BPA. The results suggested that there was no dependence of phenol recovery on the extraction temperature. In addition, extractions of the same sample were carried out for 20, 30, and 40 min. Again, 
Effect of moisture content on recovery
The effects of moisture content of a sludge sample on the recovery of the phenols were also studied. A bulk PS sample with an initial moisture content of 90% was homogenized and split into five 2.5 g aliquots. One aliquot was extracted immediately with a mixture of 1:1 acetone/ hexane at 80 W C for 30 min as described above. The other four were each spread out on a glass dish and air dried in a fume hood for 1, 2, 3, and 4 h. During this period, the moisture content of the sample was reduced to 85, 71, 41, and 8.4%, respectively. Each sample was extracted immediately after the elapsed time and the extracts were acetylated and cleaned up by the same procedure described above. As shown in Figure 5 , concentrations for OP, NP, TCS, and BPA were again rather similar considering such a wide moisture range, although the results were slightly (<10%)
higher after drying periods from 1 to 4 h. For this reason, a short drying period of 2 h was applied to the sample prior to MAE.
Effect of acid on the recovery of halogenated phenols
When this method was tested for the other halogenated phenols in our target list, it was observed that the recovery of the polyhalogenated phenols in spiked samples was low and erratic, while the other compounds including TCS in the same sample were satisfactorily recovered. In particular, 
Effect of a second extraction on phenol recovery
Under the optimized MAE conditions where the extraction was performed at 80 W C using a 1:1 acetone/hexane solvent mixture and in the presence of acetic acid, the reference biosolid sample was extracted for a second time with fresh solvent. Less than 4% of additional phenols were recovered in the second extraction, indicating that the extractable phenols were almost quantitatively recovered in the first extraction. 
Derivatization of phenols
In situ acetylation of phenols in sludge samples
Under SFE conditions using carbon dioxide, we were able to combine the extraction and derivatization of phenols in dry sludge by a one-step, in situ acetylation procedure (Lee & Peart ) . Although highly efficient, the SFE technique has never become a popular method for the extraction of phenols. During the development of this MAE method, we have demonstrated that in situ acetylation of phenols in previously air dried sludge samples could also be accomplished by a slight modification of the present MAE procedure. As described in the experimental section, this combined Figure 5 | Effect of sludge moisture contents on the recovery of phenols under MAE conditions. Moisture contents in the sludge samples were 90% (1, no air drying), 85% (2, after 1 h drying), 71% (3, after 2 h drying), 41% (4, after 3 h drying), and 8.4% (5, after 4 h drying).
extraction and acetylation procedure was achieved by using a less polar solvent (20/80, acetone/hexane, v/v) and the addition of acetic anhydride and triethylamine. However, incomplete acetylation of the phenols, especially OP and NP, was observed when this procedure was applied to wet sludge samples. Thus, offline acetylation was performed on all wet sludge samples while the in situ acetylation procedure was applied to archived sludge samples that have been previously air dried (moisture content <1%).
Method validation and estimation of method detection limits
This MAE method with a subsequent offline acetylation procedure was further evaluated by the recoveries of the target compounds in replicate analyses of spiked sludge samples. In this case, the precision and accuracy of the recovery data at two spiking levels ( Table 2 , from 0.5 to 234 μg/g) which bracketed the most commonly observed concentrations of the phenols in real world samples were determined. The blank corrected recoveries for the alkylphenols and TCS at the two higher spiking levels were all better than 85% with the exception of BPA which were about 75% recovered (Table 2) . Three surrogate standards, namely, nNP, 13 C 12 -TCS, and BPA-d 16 , were used to monitor the recoveries of phenols for the entire procedure.
Since it is impossible to find a sewage sludge that has low blank values of the major target phenols, we used a sample which has been Soxhlet extracted for low level spiking so that method detection limits (MDL) could be estimated. Also, the list of target compounds was extended to include selected halogenated phenols which were nevertheless present, albeit at ng/g instead of μg/g levels, in sludge samples. Examples for such phenols are PCP, chloro-and dichloro-TCS, bromo-and dibromo-TCS, HCP, and TBBPA. As shown in Table 3 , the absolute recovery and reproducibility for all phenols were also acceptable at the lowest spiking level (Table 3 , 20 ng/g). The MDL (estimated by the product of standard deviation and 2.896, the student's t value for eight replicates) for the target compounds ranged from 2.7 to 24 ng/g with the exception of NP, which had a value of 204 ng/g (Table 3 ).
Quantification of the alkylphenols by EI-GC-MS was
based on an external standard method using a four-point standard curve, covering a 20-fold concentration range for which linearity in detector response was established for each compound. The halogenated phenols were similarly quantified except that NCI-GC-MS and a two-point standard curve covering a five-fold concentration range were used.
Samples with phenol concentrations higher than the highest standard were diluted and reanalyzed. All concentrations were reported on dry weight basis as they were, i.e. they
were not corrected by the recovery of surrogate standards.
The sample was reanalyzed if the recovery of a surrogate standard was outside of the 70-130% range.
Occurrence of phenolic compounds in Canadian sludge and biosolids
We have been using the offline acetylation method for the determination of phenols in biosolids for several on-going Table 4 . With only a minor exception for PHP, all alkylphenols were detected in every sample. In general, NP was mostly observed at high μg/g levels while OP and TCS were found at medium μg/g levels. In contrast, PHP and BPA were detected from high ng/g to low μg/g levels.
While NP and OP were still among the most abundant phenols found in this set of samples, their levels showed a significant decline in comparison to our 2002 study (Lee & Peart ) due to a reduction/restriction in their use and import by the Canadian industries (Environment Canada ). However, the levels of BPA and TCS were quite similar in the two studies. There were few reports on the environmental occurrence of PHP, which is used as a surface disinfectant. This work suggested that PHP is also ubiquitous in sludge samples, although at much lower levels than other alkylphenols.
Over 20 of the above extracts were also screened for the other halogenated phenols. Our results (Table 4) 
